Ab4tLw2;t -Selected theoretical and experimental aspects of vapor-liquid equilibria involving supercritical (noncondensable) components are reviewed. The focus is on the rigorous thermodynamic basis on which high-precision methods for the determination of Henry coefficients have to rest. A condensed outline of current theories and correlations for the prediction of auxiliary quantities, such as virial coefficients and partial molar volumes, is presented. Finally, attention is given to recent work on relatively simple aqueous solutions of nonelectrolytes, which may contribute towards a better understanding of hydrophobic effects.
INTRODUCTION
The years since 1970 have been marked by intense activity in the field of solutions of nonelectrolytes in general, and of the solubility of gases in liquids in particular. The wealth of new and precise experimental data (often a consequence of novel designs of apparatus), the development of refined solution theories, and the recognition of the central role in science of effective communication and dissemination of data, are documented representatively by Refs. (l-32) . This activity can be traced to requirements originating in rather diverse areas of the pure and applied sciences. For instance, chemical process design often needs reliable estimates of vapor-liquid equilibria (VLE) for mixtures containing one or more components at rather low concentrations (trace components), which are either supercritical (noncondensable) or only slightly subcritical. Other areas, where gas solubility data are frequently needed, are geochemistry, environmental science (pollution control) and biomedical technology. Since life cannot exist without water, studies of simple aqueous solutions, in particular of the rare gases and of hydrocarbons, have held a prominent position in biophysics. Perhaps most important, studies on such model systems have provided information on hydrophobic effects, which are thought to be of importance in complex biological processes. By way of example we list a few application-oriented topics of recent interest: strongly enhanced solubility of oxygen in perfluorinated hydrocarbons (33) as compared to the solubility in the parent hydrocarbons -these substances are chemically inert enough to be used as blood substitutes and as gas carriers in liquid breathing (34, 35) ; solubility of gases in long-chain alcohols (36) and its relation to anesthetic potency (37, 38); solubility of Freons in water (39) , and of oxygen and ozone in water (waste water treatment) (40, 41) ; removal of CO2 and H2S from sour natural or synthetic gases by mixedsolvent absorption (gas sweetening) (42) (43) (44) ; solubility of hydrogen and other light gases in high molecular weight solvents (45, 46) , which is of importance for a number of engineering processes such as hydrofining of oil and coal, and enhanced oil recovery; solubility of gases in aqueous solutions of surfactants (solubilization) (47) .
Given this wide scope it is not surprising that the subject of gas solubility in liquids has 304 E.WILHELM such a vast literature, as evidenced by the various representative reviews, state-of-the-art reports and data compilations cited above. Because of this diversity, a certain variation of experimental as well as theoretical methods used in each of these areas is almost inevitable, and makes it impossible to cover all of them in one short review. Far from being exhaustive, this article will therefore focus on just a few selected areas with the bias reflecting current research interests of the author. First, a rigorous discussion of the thermodynamic fundamentals relevant to the solubility of gases in liquids will be presented. This will be followed by an appraisal of recent experimental developments and of advances pertinent to data reduction and correlation. A condensed outline of current methods for the prediction of important auxiliary quantities, such as virial coefficients and partial molar volumes, will be included. The last section will be devoted almost entirely to recent work on relatively simple aqueous solutions of nonelectrolytes (with special attention to hydrophobic effects).
In a loose way, the expression "solution of gas(es) in liquid(s)" is usually meant to characterize \ILE in multicomponent mixtures where one or more of the components are 4apet-c'tLtLcct or only 4Uht4( subcritical at the experimental temperature, and where the liquidphase mole fracti.on x2 of the "gas" is much 4maUvz than that of the solvent. At room temperature and at a partial pressure of gas of about 100 kPa, mole fraction solubility values for gases like Ar, N2 or CH4 dissolved in liquids such as benzene, methanol or water are roughly between 10 and io-2. Clearly, some arbitrariness is involved and such a classification is to be taken as a mere heuristic convenience to deal with corresponding VLE data, i.e. with "gas-solubility data. Most of what follows will concern the solubi.lity of a pwze gcu in a pwt tLqwLd. Gas solubilities in mIxed solvents, though undoubtedly of considerable practical as well as theoretical Interest, will only be touched upon. Further, problems associated with solutions of chemically reacting gases will not be treated to any extent. Those with a specific interest in these topics are referred to Refs. (1, 20, 23, (48) (49) (50) (51) (52) (53) .
THERMODYNAMICS
When discussing equilibria of phases containing more than one component, it is frequently convenient to distinguish between a mixture or a solution, and a dA1wt IoewtLokt. In a mixture all components are on equal footing; thermodynamically they are all treated in the same manner, that is to say symmetrically. On the other hand in a dilute solution, one (or several) of the components is/are present in great excess and form(s) the 4oLurl-t or mAxd 4oeve'zt, while the remaining component(s) at usually rather low mole fraction(s) is/are classified as 4oewte. (4) . In general, the thermodynamic treatment of dilute solutions focuses on the solute(s), that is to say it will be asymmetric. These statements will be quantified below. There is nothing fundamental in this distinction between a dilute solution and a mixture, and although no-t a&uuj stated explicitly , thermodynamic analysis of gas-solvent systems proceeds essentially along the lines as for other phase equilibrium problems. It seems thus permissible to present here only a rather condensed treatment and to refer for details to the appropriate reviews (22, 31) and monographs (1, 20, 24) , in particular to the excellent recent book by Van Ness and Abbott (24) , which contains a section on the reduction and correlation of gas-solubility data.
Consider a PvT-system with uniform temperature T and pressure P containing K components in For VLE this can be expressed in compact notation as fV(rPlv) = fL(rpIL) ( = 1),K) (1) where the superscripts 1 and L indicate the vapor phase and the liquid phase, respectively, {x" denotes the set of (K-i) independent vapor-phase mole fractions Ix, .. • x1}, and {xt denotes the set of (K-i) independent liquid-phase mole fractions. As indicated in Eq. (1) the fugacities depend on temperature, pressure and composition. Two methods are cotmionly used to establish the link with experimental practice. In the first, the equilibrium condition is rewritten in terms of the agacLty coe7çLc2ent6 Ø.(T,x}) f/(;P) (2) in both phases L and V. In the second method the fugacities in the vapor phase are again Note a: Throughout this article, a subscript c will denote a "critical quantity", and reduced quantities r "c will be designated by a subscript r. A subscript s indicates "orthobaric (i.e. saturation) conditions". Superscri.pts °i dentify either "standard-state quantities" or "perfect-gas-state quantities", * is reserved for "pure-substance quantities", and
indicates "infinite dilution". all at (T,P) of the solution. Thus, reality Is compared with the behavior of the model fluid "ideal -dilute solution (Henry)", where
H2,1(TP) 
as
The prime in Eq. (9) is to serve as a reminder that the unsymmetric convention of normalization has been used, that is to say f1/(x1fF and f2/(x2H2 We reiterate that the numerical value of the activity coefficient depends on the selected standard state and has no significance whatsoever unless the value of is specified concomitantly. The two choices of convention for the standard states are shown in Fig. 1 '.
Note that for a supercritical component 2 no experimental value for the liquid-state fugacity of pure 2 exists, and that f2 is known from experiment only for x2<1. T one may obtain the fugacity of pure solute in a hypothetLcc2 liquid state through essentially cvthLt'wJLy extrapolation of the function ef = x4tn(f1/x) + constcpt (T,P) (10) to x2 = 1 f is the mixture fugacity, and £n(f1/x) is the partial molar quantity associated with £nf. The resulting pure-component fugacity f may then be adopted as an arbitrary standard-state fugacity for the solute and the symmetric convention may be applied. We note that for each extrapolation recipe a corresponding dL,'.ent set of liquid-phase activity coefficients ensues (56) , each satisfying f*L = 4/x9.
The various quantities corresponding to these conventions are, of course, related. At
"2,4 (n'y2 = ÷ e°°, (12) where the activity coefficient at infinite dilution is given by
The equilibrium criteria for VLE, Eqs. (4, 5) , provide relations at temperature T and equilibrium pressure P of the solution. For Jotkejunc2 condLtLon4, P varies with x2, and 308 E.WILHELM hence for each composttion and 'y f and will refer to a dL exn-t pressure
and not to a fixed reference pressure. Thus the pressure dependence of these quantities must be known and the pertinent formulae are summarized below. For the reduction (or correlation) of gas-solubility data it is advantageous to choose the vapor pressure P5
of the solvent as the constant reference pressure. Conversion to any other reference pressure is -at least in principle -straightforward. The fugacity of the pure solvent at (T,P) is related to its vapor pressure by
(T1P)
Here,
is the fugacity coefficient of pure saturated solvent vapor, i.s the molar volume of pure liquid, and ?(T,P) is called the Poynting correction. For the Henry coefficient we obtain H21(T,P) = H21(7/)(T,P) , (16) (7P) e.xp (17) w1ere is the partial molar volume of dissolved gas at infinite dilution. The appropriate relations for the activity coefficients are (TxL) = fvrPv*LTP aP ) (18) RT (19) where VLj(T,P,x2) is the partial molar volume of component i (= 1 or 2) at mole fraction x2.
As concerns the fugacity coefficient of species i,we present two perfectly general equations valid for V as well as for L, which allow its determination either in terms of a p/e44wLe-e.xpLLc.Lt or a io&Lme (den ty)-exptLcLt EOS, provided of course, that the EOS are valid over the entire ranges of integration. When a pressure-explicit EOS P/?RTZZ(T,y,{x}.) is used
Here aV is the molar density of the mixture, n1 is the amount of substance i, n = and Z is the compressibility factor of the mixture. The corresponding expression for a volume (density)-explicit EOS Z = Z(T,P,{x}) is
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where Z PV1/RT and (anV/ni)T,p,n.
is the partial molar volume of i in the solution. Since the majority of EOS are psure-explicit rather than volume-explicit, Eq. (20) is more useful in VLE problems than Eq.(21). The appropriate formulae for the pure-substance fugacity coefficients are, with obvious notation,
and -fcz-1)P4dP, costct T.
We now have at hand the thermodynamic formalism for a rigorous discussion of the /ie4acUori
and covieLatLovi of gas-solubility data on the basis of the ('y,Ø)-approach in the unsyninetrical version (22, 24, 31) . I4o-the,'mc2 conditions are assumed throughout and the vapor pressure P5t of pure solvent is always chosen as the eeeizce peAs4w'. For the solute the equilibrium criterion Eq.(5) may be replaced by y(T,P)y2)P (24) where use was made of Eqs. (16, 17, 19) . Analogously, for the solvent we now have y1'(7Fy1)P = x4#y4(7 ! x)74 Si ep .
Note that both and of Eqs. (24, 25) are constant-pressure activity coefficients which, at fixed temperature, depend only on liquid-phase composition. They are by definition independent of the system pressure. Their advantages have been discussed in detail by
Prausnitz (1) . In particular, they satisfy the isothermal-isobaric Gibbs-Duhem equation x4dn'y4(7 14
At the vapor pressure of the solvent, the Henry coefficient is rigorously accessible through determination of the limiting value of experimental (VLE) ratios of the fugacity of the solute over the corresponding mole fraction (see Fig. 1 ):
e(fL/) e r,I)P .
Thus, according to the prescription Eq. (27) , H21(T,P51) is obtained as the teept in a graph of (y22P/x2) against x2 at constant T. Since for x2-' 0 also y2 -.0, application of de UHôpital's rule (see Fig. 1 =j(f/d1) = Vpe(/) ) (28) which is perhaps the most useful version. Here is the fugacity coefficient of component 2 at infinite dilution in the vapor phase.
DetermThation of the Henry coefficient is only the first step in a comprehensive reduction of gas-solubil ity data. SInce actual solubi.l ity nasurements are sometimes performed at several d:LeAeiit pressures P > and hence at different LnLt mole fractions x2, they contain not only information on H21, but also on the composition dependence of the activity coefficient. The influence of total pressure upon liquid-phase fugacities has been separated formally from the influence of composition through Eqs. (24, 25) , whence extraction of constant-pressure activity coefficients becomes feasible. The lzey teLa-tLo'i for the determination of #.y(T,Pi,x2) at constant T is a more compact and convenient form (31) of Eq. (24), e ( P)
s/I
The argument of the logarithmic term on the lhs of Eq. (29) We conclude this introduction to the thermodynamics of mixtures containing supercritical components with a section devoted entirely to various approximations to the exact relations obtained so far. These approximations are indispensable when application to experimental reality is desired.Additional details will be given together with the dis- 
Li' only the simplification concerning the vapor phase is relaxed, we obtain for the solute
Adding the Poynting term with 4(T,P, x2)= viT,P5
yet still retaining y = 1, independent of composition, yields
This expression is known as the IQricJ'iv41zy-Ka6aiu'iov4!zy eqao.tLori (67) . For a long time it has been used for the determination of v0L from gas solubility measurements at elevated pressures and accounts, in fact, for a large portion of the existing data. However, the mole fraction solubility may then be already appreciable and hence the assumptions 'y = 1 and 4 Whatever method for determining H21(T,P51) is selected, say for instance recipes Eq. (27) or Eq. (28), evaluation from an experimental isothermal data set requires a vapor-phase EOS for calculating the fugacity coefficient. The majority of gas solubility measurements are in the low to moderate pressure domain, say with P not exceeding several megapascals. Hence for many systems the virial equation
is convenient (26, 31) , and often yields entirely satisfactory results even when truncated after the term which is linear in molar densityp' For a mixture of K components, each with mole fraction y B(7 = 2 y, > B (T) (40) 
Unfortunately, experimental information on third virial coefficients is rather 1 itnited and one has to rely heavily on correlation methods, such as those advanced by Chueh and Prausni.tz (76) , or more recently by De Santis and Grande (77), and Orbey and Vera (78).
This, and the computational convenience associated with a volume-explicit rather than a pressure-explicit EOS, leads to the widely used approximation for Low pressures 
where l'2 2B12 -(B11 + B22).
We emphasize that the quite popular rule of thumb v(T,P1yz) *V(Tp) (47) may frequently be a rather unsatisfactory assumption (22) , and is in general inapplicable for the evaluation of As shown in Fig. 3 , the essential parts of this apparatus are a degassing device (86) , an equilibrator (81, 83) , an extractor (same design as for degassing), the Töpler pump (87) for transferring the dry gas to the manometric system, the high-precision manometric system itself (PvT-measurements) and, of course, powerful thermostats (temperature drift± 0.003 K during 24 h) and platinum resistance thermometers. Quantities measured are the temperature at equilibrium, and the amounts of gas n and n contained in precisely known volumes of the liquid solution, L, and of the vapor phase,v". As was shown in Ref. (83), Henry coefficients of sparingly soluble gases may be obtained according to 
L c0L
Note that the total equi.l ibrium pressure P does not appear expi icitely in Eq. (48) . Lt has to be known, however, for the evaluation of the correction term and i.s obtained by an iterative procedure described in detail in Ref. (83) .
As already indicated above, for gaseous mixtures at low pressures the virial EOS in its volume-explicit form is convenient. While there is often sufficient information on the puresubstance virial coefficients experimental results on the cross-coefficients B12 are frequently lacking (63) . Cross-coefficients may be estimated with reasonable confidence by several well-established correlations, such as the Hayden-O'Connell method (88) or the Pi.tzer-Curl -Tsonopoulos corresponding-states method (89, 90) . when using the latter, the reduced pure-substance virial coefficient at a reduced temperature Tr is given by
where B0 and B(D are polynomials in T1 , and is the acentric factor. Lt is assumed that the same relation holds for the cross-coefficient B12, but with characteristic parameters (interaction parameters) Tc 12' c 12 and w12 replacing the pure-substance quantities Tc c and w , to which they are related by conventional recipes known as combL4t&tg )wle4.
Specifically, the reduced temperature is now Tn2 T/Tci2
The quantity k12 is another binary interaction parameter (usually much smaller than unity).
Lt is similar to the binary interaction parameters used in the more fundamental combining rules for unlike energy parameters of two-parameter pair potentials (26, 91, 92) . Mixture compressibility factor ZV and component fugacity coefficient may then be calculated by Eqs. (40, 44, 45) . Alternatively, one may use any appropriate analytical EOS to obtain Z"
Examples for calculations of this kind have been presented in Refs. (93) and (94) . In the former, a modified Redlich-Kwong equation is used, while the latter utilizes a perturbedhard-sphere EOS similar to that introduced by Carnahan and Starling (95) .
In our method (31, (83) (84) (85) of determining H2 1(T,P51), the partial molar volume at infinite dilution has to be known. Recent measurements with a vibrating-tube densimeter (70) formation (98) and interaction (12, 14, 97, 99, 100) , respectively. Agreement with experiment is satisfactory in most cases. For a review of the literature on vrL see Handa and Benson (62) .
Over limited ranges of I , the temperature dependence of H21(T,P51) is usually adequately represented by either the Clarke-Glew (CG) equation ( (01) en(H/Pa) = A0 + + An(T/K) + A3(T/K) + A(T/K)Z+ (54) or by the BK equation (80, where HOL is the partial molar enthalpy of the gas at infinite dilution in the solvent, and is the molar enthalpy of pure component 2 in the ideal-gas state. The first term on the rhs of Eq. (56) Tci , the second term on the rhs of Eq.(56) will frequently be rather small as compared to the first term. Eq.(56) evidently provides a set of values &1(T,P5 ) , which yields, by an argument analogous to that used above, the heat capacity change upon solution.
The Oit.txi2d coed LcLent L2 1 is another widely used practical measure of the solubility of gas 2 in solvent 1 (108) . Let the conventional Ostwald coefficient be defined by Lzj(T)P) (c/41)eue ) (57) where c2 n2/v, with the appropriate superscript, is the amount-of-substance concentration 
The approximation indicated by Eq. (65) is easily generalized to discuss HI among many solute particles (18, 111) .
CONCLUDING REMARKS
Quantitative investigation of the solubility of gases in liquids has a long and well establ ished tradition in physical chemistry. Essentially it started in the fifties of the last century with the work of Bunsen (112) , and throughout the years many a distinguished scientist has contributed to this subject. One can only marvel about the careful experimental work of some of the early researchers; for instance about Winkler's contributions (113) almost a century ago, which are still qui.te acceptable (± 1 %) in the majority of cases.
The assortment of modern instrumentation accessible to todays experimental ist, however, has now made possible the study of highly dilute binary solutions of gases in liquids with unparalleled precision, accuracy and speed over wide ranges of temperature and pressure.
Cross-fertil ization with other discipl ines, for instance with calorimetry, is becoming increasingly important (104, 105) . In fact, one of the objectives of this article was to indicate new and active interdisciplinary topics (see the Introduction); while our own perception of their relative importance may not be shared by all, it appears safe to state that they will greatly stimulate applied research in the coming decade.
This review was primarily concerned with the rigorous thermodynamic formalism relevant to VLE involving supercritical compounds, and its rational implementation in high-precision experimental work directed towards the determination of Henry coefficients and related quantities. Alternatives to the classical approach have been indicated, for instance the use of an EOS valid for both the liquid and the vapor phases. This method may gradually become more prominent when relatively simple solutions are considered. Yet as long as the scientist's interest is focused on phenomena involving significantly anisotropic molecules 320 E. WILHELM -in dilute solutions, in particular in aqueous solutions, the Henry's law approach appears to be naturally superior to the others, and It is hard to imagine its replacement. Little space was devoted to experimental details, and recent theoretical advances have been mdicated only briefly. Our understanding of nonpolar, nonassociated liquids and of simple solutions has increased considerably during the last decade (7, 13, 15, 17, 25, (114) (115) (116) (117) (118) . This is niuch less so for liquid water, and aqueous solutions even of rather simple solutes, such as hydrocarbons, remain a major challenge to a statistical-mechanical interpretation of solubiii.ty phenomena. High-precision measurements of the kind discussed here in the experimental section evidently occupy a key position in the development of new theorettcal approaches.
